Leos RA, Anderson MJ, Chen X, Pugmire J, Anderson KA, Limesand SW. Chronic exposure to elevated norepinephrine suppresses insulin secretion in fetal sheep with placental insufficiency and intrauterine growth restriction. Am J Physiol Endocrinol Metab 298: E770 -E778, 2010. First published January 19, 2010 doi:10.1152/ajpendo.00494.2009In this study, we examined chronic norepinephrine suppression of insulin secretion in sheep fetuses with placental insufficiency-induced intrauterine growth restriction (IUGR). Glucose-stimulated insulin secretion (GSIS) was measured with a square-wave hyperglycemic clamp in the presence or absence of adrenergic receptor antagonists phentolamine (␣) and propranolol (␤). IUGR fetuses were hypoglycemic and hypoxemic and had lower GSIS responsiveness (P Յ 0.05) than control fetuses. IUGR fetuses also had elevated plasma norepinephrine (3,264 Ϯ 614 vs. 570 Ϯ 86 pg/ml; P Յ 0.05) and epinephrine (164 Ϯ 32 vs. 60 Ϯ 12 pg/ml; P Յ 0.05) concentrations. In control fetuses, adrenergic inhibition increased baseline plasma insulin concentrations (1.7-fold, P Յ 0.05), whereas during hyperglycemia insulin was not different. A greater (P Յ 0.05) response to adrenergic inhibition was found in IUGR fetuses, and the average plasma insulin concentrations increased 4.9-fold at baseline and 7.1-fold with hyperglycemia. Unlike controls, basal plasma glucose concentrations fell (P Յ 0.05) with adrenergic antagonists. GSIS responsiveness, measured by the change in insulin, was higher (8.9-fold, P Յ 0.05) in IUGR fetuses with adrenergic inhibition than controls (1.8-fold, not significant), showing that norepinephrine suppresses insulin secretion in IUGR fetuses. Strikingly, in IUGR fetuses, adrenergic inhibition resulted in a greater GSIS responsiveness, because ␤-cell mass was 56% lower and the maximal stimulatory insulin response tended (P Ͻ 0.1) to be higher than controls. This persistent norepinephrine suppression appears to be partially explained by higher mRNA concentrations of adrenergic receptors ␣1D, ␣2A, and ␣2B in a cohort of fetuses that were naïve to the antagonists. Therefore, norepinephrine suppression of insulin secretion was maintained, in part, by upregulating adrenergic receptor expression, but the ␤-cells also appeared to compensate with enhanced GSIS. These findings may begin to explain why IUGR infants have a propensity for increased glucose requirements if norepinephrine is suddenly decreased after birth.
INCREASING EPIDEMIOLOGICAL and experimental evidence has demonstrated a relationship between fetal malnutrition and later life metabolic disorders such as insulin resistance, glucose intolerance, and overt type 2 diabetes mellitus (1, 15, 18, 19, 36, 47) . Placental insufficiency is a common ailment in human pregnancy where the maternal supply of glucose, oxygen, and other nutrients to the fetus are restricted (11, 34) , causing intrauterine growth restriction (IUGR). IUGR fetuses also have lower plasma insulin concentrations, impaired ␤-cell responsiveness, and, in more severe cases, less ␤-cell mass (6, 31, 54) . Together, these findings indicate that fetal ␤-cells are susceptible to nutrition deficiencies in utero, which appear to alter their developmental program and lead to lifelong inadequacies.
Consistent with human data, animal models indicate that insulin-producing ␤-cells undergo altered fetal programming in response to fetal malnutrition (9, 13, 17, 33, 47, 48 ). An ovine model of IUGR with hyperthermia-induced placental insufficiency possesses all of the complications previously reported in humans (5, 37, 55) , including impaired insulin secretion (18% of normal) and reduced ␤-cell mass (24% of normal) near term (24, 27) . Although these fetuses are hypoglycemic, our research indicates that factors in addition to glucose deficiency likely contribute to the impaired ␤-cell responsiveness. These studies showed that sheep fetuses made experimentally hypoglycemic for 2 wk have only a 45% reduction in glucosestimulated insulin secretion (GSIS), less than half that of the sheep fetuses with placental insufficiency, despite similar plasma glucose concentrations (23, 27) . Additional causative factors might include time of glucose deficiency onset, duration of glucose deficiency, or other nutrient deficiencies.
One important difference between these two sheep models of IUGR is fetal blood oxygen content, which was significantly lower in fetuses with placental insufficiency (23, 27, 39) . During acute fetal asphyxia or hypoxia caused by maternal hypoxemia, umbilical cord occlusion, or severing the umbilical cord at delivery, plasma norepinephrine concentrations rise (8, 20, 21, 29) . In fetal sheep, as in several other species, catecholamines act on the ␤-cells predominantly via the ␣ 2 -adrenergic receptors to suppress insulin secretion (16, 20, 21) . We found that plasma norepinephrine concentrations on average were fourfold greater in near-term sheep fetuses with placental insufficiency-induced IUGR compared with normoxic controls (27) . In addition, norepinephrine concentrations were negatively associated with fetal blood oxygen content (27) , indicating that, during chronic exposure to hypoxia, norepinephrine release is tightly regulated by fetal blood oxygen content. In contrast to the placental insufficiency group, fetal sheep exposed only to chronic hypoglycemia did not have decreased blood oxygen content or elevated plasma norepinephrine concentrations (23) . Therefore, we postulated that the disparity in insulin secretion between fetuses with placental insufficiency and those with experimental hypoglycemia reflects a suppressive action from norepinephrine.
To investigate chronic norepinephrine suppression of insulin secretion in placental insufficiency-induced IUGR sheep fetuses, we acutely blocked norepinephrine's effects with pharmacological antagonists phentolamine (an ␣-adrenergic receptor antagonist) and propranolol (a ␤-adrenergic receptor antagonist) and measured GSIS. The insulin secretion responsiveness with the adrenergic inhibition was compared with a GSIS study without adrenergic inhibition in the same fetus, and the differences were compared between IUGR and control fetuses. We also measured adrenergic receptor mRNA concentrations in fetal islets isolated from a separate cohort of fetuses to eliminate any confounding effects from the exposure to adrenergic receptor antagonists.
MATERIALS AND METHODS
Ovine model of IUGR. Columbia-Rambouillet crossbred ewes (average body wt 51.7 Ϯ 1.7 kg) carrying twin pregnancies were purchased from Nebeker Ranch (Lancaster, CA), and litter size was confirmed by ultrasonic scanning. All animal care and use were conducted with institutional approval at the University of Arizona Agricultural Research Complex, Tucson, AZ, which is accredited by the National Institutes of Health, the United States Department of Agriculture, and the American Association for Accreditation of Laboratory Animal Care. IUGR fetuses were created by exposing pregnant ewes to elevated ambient temperatures with a diurnal pattern of 40°C for 12 h and 35°C for 12 h, from 40 Ϯ 1 days gestational age (dGA; mean Ϯ SD) until 119 Ϯ 2 dGA, as previously described (25, 26, 52) . Normal control fetuses were from gestational age-matched pregnant ewes maintained at 25°C, and the ewes were pair fed to the average feed intake of the ewes exposed to hyperthermia. Ewes received alfalfa pellets, which had a dry matter composition of 19.5% crude protein, 32.6% acid detergent fiber, 42.6% neutral detergent fiber, 1.23 Mcal/kg net energy of maintenance, and 0.66 Mcal/kg net energy for reproductive processes (Dairy One Forage Testing Laboratory, Ithaca, NY). Twelve pregnant ewes were divided equally into the treatment groups IUGR and control. All but one pair of the control fetuses survived treatment, surgical procedures, and in vivo studies, as one ewe miscarried for an unknown reason prior to the in vivo study. Ewes exposed to hyperthermia exhibited a greater abortion rate during the treatment and surgical preparations (50% loss). At surgery, a control ewe and an IUGR ewe were found to have singletons. At necropsy, necrotic remains of fetal and placental tissues were found in the uterus of the IUGR ewe, but there was no indication of a second fetus in the control ewe, indicating a diagnostic error. The total number of animals in each treatment group that completed both in vivo experiments was nine control fetuses from five ewes and five IUGR fetuses from three ewes.
Surgical preparation. At ϳ126 Ϯ 1 dGA, indwelling polyvinyl catheters were surgically placed in the fetus for blood sampling and glucose infusion as described previously (23, 27) . Fetal catheters for blood sampling were placed in the abdominal aorta via hindlimb pedal arteries, and infusion catheters were placed in the femoral veins via the saphenous veins. Maternal catheters were placed in the femoral artery and vein for arterial sampling and venous infusions. All catheters were tunneled subcutaneously to the ewe's flank, exteriorized through a skin incision, and kept in a plastic mesh pouch sutured to the ewe's skin. Ewes were allowed to recover for 5-7 days before the first GSIS study was conducted.
Experimental design. Control and IUGR fetuses were studied on two separate occasions to measure their GSIS responsiveness in the absence or presence of ␣-and ␤-adrenergic receptor antagonist. Within a ewe, twin fetuses were studied simultaneously. An initial GSIS study was performed on five control and five IUGR fetuses with saline as the vehicle control. After a 24-to 48-h recovery, a second GSIS study was conducted with adrenergic receptor antagonists phentolamine (␣-adrenergic receptor antagonist) and propranolol (␤-adrenergic receptor antagonist). Phentolamine was infused into the fetus at 40 g·min Ϫ1 ·kg estimated fetal weight Ϫ1 following an 870-g priming dose, and propranolol was infused at 14 g·min Ϫ1 ·kg estimated fetal weight Ϫ1 after a 300-g priming dose (12, 20, 49) . Preliminary studies in two control fetuses from different ewes using an intravenous glucose tolerance test during a constant infusion of epinephrine at 1 g/min (16) showed that the adrenergic receptor antagonists alleviated catecholamine suppression of insulin. Infusion of the adrenergic receptor antagonists or saline was started 45 min before the baseline blood sampling. Four control fetuses were exposed to the GSIS plus adrenergic antagonists first, and then a GSIS study with saline was performed after 48 h. No residual effects were observed as a result of the order and temporal arrangement of the GSIS studies. After completion of the in vivo studies, the pregnant ewes and their fetuses were returned to basal conditions and killed within 20 h. Fetus weights were measured, and tissues were dissected and weighed. Pancreas tissues from the fetuses exposed to adrenergic antagonists only in the final study before necropsy were collected for histology as reported previously (9) .
GSIS study. A square-wave hyperglycemic clamp was used to determine insulin secretion in response to glucose, as previously reported (23, 27) . Briefly, a continuous transfusion of maternal blood into the fetus (12 ml/h) was started 45 min prior to baseline sampling and maintained for the duration of the study to compensate for blood collection and to stabilize fetal hematocrit. All sample times are presented relative to the start of the fetal glucose bolus and continuous glucose infusion (time ϭ 0). Baseline plasma glucose and insulin concentrations were determined at Ϫ35, Ϫ25, Ϫ15, and Ϫ5 min. Whole blood collected in syringes lined with EDTA (Sigma Chemicals) was centrifuged (13,000 g) for 2 min at 4°C. Plasma was aspirated from the pelleted red blood cells and stored at Ϫ80°C for hormone measurements. Blood gas and oxygen saturations were measured in blood collected in syringes lined with heparin (ElkinsSinn, Cherry Hill, NJ). The hyperglycemic clamp was initiated with a dextrose bolus directly into fetal circulation followed by a constant infusion of 33% dextrose in saline to maintain fetal arterial plasma glucose concentration at 2.4 mmol/l, which in preliminary experiments using various glucose concentrations (2-11 mmol/l) was found to produce maximal insulin concentrations in fetal sheep (27) . At the onset of the glucose infusion, fetal arterial plasma samples were collected every 5-10 min for the initial 30 min to establish the hyperglycemic clamp, after which fetal blood and plasma samples were collected at 45, 60, 75, and 90 min during steady-state conditions. During basal (time ϭ Ϫ35 to 0 min) and steady-state hyperglycemic clamp (45-90 min) periods, fetal blood was collected for blood gas and oximetry measurements, and plasma was collected for glucose, insulin, and catecholamine measurements.
Biochemical analysis. Blood oxygen saturation and hemoglobin concentrations were measured with an ABL 520 with values temperature corrected at 39°C (Radiometer, Copenhagen, Denmark). Plasma glucose concentrations were measured immediately using a YSI model 2700 SELECT Biochemistry Analyzer (Yellow Springs Instruments, Yellow Springs, OH). Plasma insulin concentrations were measured with an ovine insulin ELISA (ALPCO Diagnostics, Windham, NH; intra-and interassay coefficients of variation, 5.6 and 2.9%, respectively), and catecholamines, stored in a final concentration of 0.5 mM EDTA and 0.33 mM reduced glutathione, were determined by a 2-CAT ELISA (Rocky Mountain Diagnostic, Colorado Springs, CO; intra-and interassay coefficient of variation, 18 and 19% for epinephrine, 19 and 6% for norepinephrine).
Pancreas morphology. Tissue sections (6 m) for histological evaluation were cut from the tail of the pancreas (n ϭ 5 controls, 4 twins and 1 single; n ϭ 5 IUGR, 4 twins and 1 single). Procedures for fluorescent immunostaining and morphometric analysis on cryosections were performed as reported previously (9, 24) . Insulin-positive ␤-cells were identified with guinea pig anti-porcine insulin (Dako, Carpinteria CA; 1:500) and detected with an affinity-purified second-ary antiserum conjugated to 7-amino-4-methylcoumarin-3-acetic acid (AMCA; Jackson ImmunoResearch Laboratories, West Grove, PA). ␣-cells, ␦-cells, and F cells were detected together with mouse anti-porcine glucagon (Sigma-Aldrich, St. Louis, MO; 1:500), rabbit anti-human somatostatin (Dako; 1:500), and rabbit anti-human pancreatic polypeptide (Dako; 1:500) and detected with affinity-purified secondary antiserum conjugated to Texas Red (Jackson ImmunoResearch Laboratories). Fluorescent images were visualized on a Leica DM5500 microscope system and digitally captured with a Spot Pursuit 4 Megapixel CCD camera (Diagnostic Instruments, Sterling Heights, MI). Morphometric analysis was performed with ImagePro 6.0 software (Media Cybernetics, Silver Spring, MD). Positive areas were determined for 25 fields of view (FOV ϭ 0.39 mm 2 ) on two pancreas sections per animal separated by Ն100-m intervals (total area ϭ 19.4 mm 2 , coefficient of variation between slides, 13%). Data are expressed as a percentage of total pancreas area, and ␤-cell mass was obtained by multiplying the pancreas weight by the percent insulin-positive area.
Fetal pancreatic islet isolation. A second cohort of pregnant ewes carrying singletons from Nebekar Ranch was produced and housed in conjunction with the animals used in Ref. 26 for the same treatment duration as the twin fetuses above. The purpose of the second cohort of animals was to isolate fetal sheep islets that were not previously exposed to the adrenergic receptor antagonists to avoid residual effects. The ewes and fetuses were anesthetized with ketamine (4.4 mg/kg) and diazepam (0.11 mg/kg) given intravenously. After a hysterotomy, the fetus was removed, blotted dry, and weighed. The ewe was then killed with intravenous concentrated pentobarbital sodium (10 ml; Sleepaway, Fort Dodge Animal Health, Fort Dodge, IA). Islets were obtained from the fetal pancreas with a retrograde perfusion of digestive solution into the pancreatic ducts, as described previously (24) . The digestion solution was Liberase BlendZyme III (0.175 mg/ml; Roche Diagnostics, Indianapolis, IN) in Krebs-Ringer buffer (KRB; 118 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, KH2PO4, 25 mM NaHCO3, pH 7.3) supplemented with 0.2% DNase I (Roche). The pancreas was dissected free, placed into an additional 20 ml of digestion buffer, and incubated at 37°C for 35-45 min. The partially digested tissue was washed three times with 5 volumes of KRB containing 0.5% BSA. Islets were purified over a discontinuous gradient of 10 ml of a 2:1 solution of Histopaque (1.119 g/ml; Sigma-Aldrich) and KRB-/BSA and centrifuged at 800 g for 20 min. Cell clusters were removed from the interface and rinsed once in KRB-BSA medium with a 1-min centrifugation (800 g). Islets were hand picked and cultured overnight at 37°C in 95%O2-5%CO2 in RPMI 1640 medium (Sigma-Aldrich) containing 2.8 mmol/l glucose supplemented with 1% fetal bovine serum and 1ϫ penicillin-streptomycin-neomycin solution (50 U-50 g-100 g, Sigma-Aldrich) and then frozen for RNA extraction.
RNA preparation and analysis. Total RNA was extracted from purified islet of Langerhans (9, 27, 40) using the RNeasy Micro Kit (Qiagen, Valencia, CA) or from perirenal adipose tissue (positive control) as previously described (9, 26) . The quality and concentration of the RNA were determined by measuring absorbance at 260 and 280 nm with the NanoDrop ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE), and RNA integrity was evaluated with an Experion Automated Electrophoresis System (Bio-Rad Laboratories, Hercules, CA). Synthetic oligonucleotide primers were designed with the aid of OligoPerfect Designer (Invitrogen Life Technologies, Carlsbad, CA) software and purchased from Eurofins MWG Operon (Huntsville, AL) (primer sequences are available upon request). PCR products for ovine adrenergic receptors, ␣1 (A, B, D), ␣2 (A, B, C), and ␤ (1, 2, 3), were amplified from perirenal fat mRNA by reverse transcription-PCR using Superscript III reverse transcriptase and Taq DNA polymerase (Qiagen) according to the manufacturer's instructions (Chen and Limesand, unpublished data). The PCR products of the correct size were inserted into the TOPO TA cloning expression vector pCRII (Invitrogen Life Technologies) and transformed into One Shot Mach T1 Phage-Resistant Chemically Competent E. coli (Invitrogen Life Technologies). Plasmids were prepared for nucleotide sequencing with a QIAprep Spin Miniprep Kit (Qiagen) and sequenced at the University of Arizona DNA Sequencing Service. Nucleotide sequences were submitted to GenBank (␣1A, EU723257; ␣1B, EU851039, ␣1D, EU723258; ␣2A, EU726635; ␣2B, EU741650; ␣2C, EU723259; ␤1, AF072433, ␤2, EU723260; ␤3, AF314205.1).
The relative mRNA expression for each adrenergic receptor was determined by quantitative PCR using SYBR Green (Qiagen) in an iQ5 Real-Time PCR Detection System (Bio-Rad Laboratories) as reported previously (26) . After the initial denaturation at 95°C for 15 min, all reactions went through 40 cycles of 96°C (30 s), annealing temperature of 60 -62°C (30 s), and 72°C (10 s), at which point the fluorescence was measured. Melt curve analysis was performed at the end of the amplification to confirm product homogeneity. PCR efficiency was determined with islet cDNA and was linear over six orders of magnitude. Samples were run in triplicate for each qPCR reaction. The results were normalized to the reference gene S15 for each RT-PCR, and the average ⌬C T (cycle threshold) was analyzed by the comparative ⌬CT method (CT gene of interest Ϫ CT reference gene), with fold change being calculated with the 2 Ϫ⌬⌬C T method (28) . Standard curves for each gene product were run concurrently to determine the absolute mass by linear regression analysis.
Statistical analysis. All data are expressed as means Ϯ SE. Period means for each animal were used for biochemical and hematological value comparisons. Statistical analyses for in vivo biochemical and hematological values were conducted by two-way ANOVA (treatment and study). Maternal temperatures, feed intake, fetal weights, and qPCR (⌬C T values) were analyzed by one-way ANOVA (treatment) using the general linear means procedure in SAS Proc GLM, and differences were determined with a post hoc least significant difference test or Student's t-test (43) . ␤-Cell mass data were nonnormally distributed, and effects of IUGR were analyzed by a Wilcoxon two-sample test using the SAS NPAR1WAY procedure (43) .
During the experimentally controlled steady-state periods for glucose (basal and hyperglycemic periods), insulin concentrations were also found to be constant; therefore, the four samples were averaged for that steady-state period within a fetus and used for subsequent analysis. Because there were repeated measures for each fetus, general linear mixed models (GLMM) was used. GLMM uses all data contributions for a fetus regardless of missing values and accounts for within-animal correlation related to longitudinal measures (7) . Two random effects were fitted in the two final models: fetuses nested within ewe and the study arm (saline or adrenergic receptor antagonists). The latter was necessary because all fetuses were included in more than one study arm. Best fitting models and best fitting covariance patterns were assessed using likelihood ratio tests and/or the Akaike information criterion (AIC). Fetal body and organ weights. At autopsy, the gestational age was not different between control (133.8 Ϯ 0.9 days) and IUGR (132.2 Ϯ 0.5 days) fetuses. In the IUGR group, 80% of the fetuses were males compared with 44% males in the control group. IUGR fetuses weighed less than controls (1.51 Ϯ 0.11 vs. 3.02 Ϯ 0.17 kg, P Ͻ 0.05), and their placenta weights were lower (119 Ϯ 20 vs. 187 Ϯ 20 g, P Ͻ 0.05). Actual fetal weights for control and IUGR fetuses were 1 Ϯ 6% higher and 34 Ϯ 8% lower, respectively, than estimated weights. Average brain weight (41.1 Ϯ 1.1 vs. 46.6 Ϯ 1.9 g, P ϭ 0.05) and liver weight (43.4 Ϯ 4.2 vs. 78.2 Ϯ 7.8 g, P Ͻ 0.01) were lower in IUGR fetuses than in controls, and the brain-to-liver ratio was increased (0.99 Ϯ 0.10 vs. 0.63 Ϯ 0.07, P Ͻ 0.05).
Fetal hematological values and catecholamine concentrations. Fetal pH, blood gas, and oximetry variables at baseline (prior to infusing dextrose) during the GSIS study are shown in Table  1 . In the saline GSIS study, no differences were found for pH, pCO 2 , hematocrit, or bicarbonate between IUGR and control fetuses. IUGR fetuses were hypoxemic compared with controls and had a blood oxygen content that was 52% of that of controls.
During the adrenergic receptor blockade GSIS study, the partial pressure of oxygen, blood oxygen content, and oxygen saturation fell significantly (P Ͻ 0.05) in control fetuses compared with baseline values in the GSIS study with saline (Table 1) . Similar trends were observed in the IUGR fetuses, but only oxygen content was reduced significantly (P Ͻ 0.05) by the administration of adrenergic receptor antagonists. In control fetuses, no changes in pH, hematocrit, or bicarbonate concentrations were observed during the administration of adrenergic antagonists, which was similar for IUGR fetuses except that their pH was lower (P Ͻ 0.05; Table 1 ).
During the hyperglycemic period, similar patterns were observed between the GSIS studies with and without adrenergic antagonist in control fetuses (Table 2) . In IUGR fetuses, oxygen content was not different between the saline and adrenergic blockade studies; however, an increase in the partial pressure of CO 2 and decrease in bicarbonate concentrations were identified.
Plasma epinephrine and norepinephrine concentrations were negatively associated with oxygen content, as reported previously for norepinephrine (27) . At baseline during the saline GSIS, plasma epinephrine concentrations were 2.7-fold greater in IUGR than in controls, and the regression for epinephrine (x) vs. oxygen content (y) is y ϭ Ϫ70.1x ϩ 282.3, R 2 ϭ 0.54 (P Ͻ 0.01). During the same period, plasma norepinephrine concentrations were 5.7-fold greater in IUGR fetuses than in controls, with a regression line for norepinephrine (y) vs. oxygen content (x) of y ϭ Ϫ1373x ϩ 5,242, R 2 ϭ 0.62 (P Ͻ 0.01). Similar associations between catecholamine concentrations and oxygen were present during adrenergic receptor blockade study, explaining their rise with adrenergic antagonists. Basal epinephrine and norepinephrine concentrations (y) were also negatively associated with glucose (x), as described by the regression equations y ϭ Ϫ140x ϩ 249, R 2 ϭ 0.313 (P Ͻ 0.05) and y ϭ Ϫ4138x ϩ 6,024, R 2 ϭ 0.546 (P Ͻ 0.01), respectively. Epinephrine and norepinephrine concentrations for all steady-state periods are presented in Table 3 .
GSIS response to an adrenergic blockade. Fetal plasma glucose concentrations at basal and hyperglycemic steady-state periods are presented in Fig. 1 . In IUGR fetuses at baseline, the mean plasma glucose concentration was lower (P Ͻ 0.05) than the control mean for the same GSIS study type (saline or block). Administration of adrenergic receptor antagonists re- Values are means Ϯ SE. AR, adrenergic receptor. *Significant differences, P Ͻ 0.05, for Control vs. IUGR fetuses in their respective study; †significant differences, P Ͻ 0.05, within a treatment group for without (-) vs. with (ϩ) AR antagonists. duced (P Ͻ 0.05) the average plasma glucose concentration in IUGR fetuses by 33% at baseline, whereas in control fetuses, plasma glucose concentrations were only marginally decreased (13%, P Ͻ 0.1). In accordance with the experimental design, mean plasma glucose concentrations during the GSIS hyperglycemic period were not different between treatments and GSIS studies. The average fetal plasma insulin concentrations during basal and hyperglycemic steady-state periods are presented in Fig. 2 . Basal and glucose-stimulated plasma insulin concentrations were 48% (not significant) and 52% (P Յ 0.05) lower in IUGR fetuses than in controls. Similar to our previous findings for this model (27) , GSIS responsiveness, measured by the difference in insulin concentrations between hyperglycemic and baseline steady-state periods, during the saline-GSIS study was 54% lower (P Յ 0.05) in IUGR fetuses than in control fetuses (Fig. 3) .
The objectives of the present study were to determine the effect of elevated norepinephrine on fetal plasma insulin concentrations and fetal insulin secretion responsiveness to glucose in control and IUGR fetuses. In Fig. 2 , the difference between the adrenergic inhibition (block) and saline-GSIS studies was examined during baseline (basal; statistical model 1) and hyperglycemic (statistical model 2) steady-state periods for each treatment condition. In control fetuses, plasma insulin concentrations increased 1.7-fold (P Ͻ 0.05) during the basal period in response to the adrenergic inhibition, but during the hyperglycemic period the 1.8-fold increase did not reach statistical significance (P ϭ 0.10). In the IUGR fetuses with adrenergic inhibition, the average fetal insulin concentration increased 4.9-fold (P Ͻ 0.01) during basal conditions and 7.1-fold (P Ͻ 0.01) during the hyperglycemic period compared with the saline studies. Compared with control fetuses, mean plasma insulin concentrations in IUGR fetuses were elevated to a greater extent in response to the adrenergic receptor antagonists at both basal (P Ͻ 0.05) and hyperglycemic (P Ͻ 0.05) steady-state conditions (Fig. 2) .
In addition to monitoring absolute differences in circulating insulin concentrations, we also determined GSIS responsiveness (i.e., the change in insulin responsiveness to glucose) in control and IUGR fetuses with and without adrenergic inhibition ( Fig. 3; statistical model 3) . In control fetuses, the glucoseinduced change in insulin was not different (P ϭ 0.18) between Fig. 1 . Fetal glucose concentrations during glucose-stimulated insulin secretion (GSIS) clamp periods. Steady-state glucose concentrations for control (n ϭ 9) and intrauterine growth-restricted (IUGR) (n ϭ 5) fetuses during the Saline and adrenergic inhibition (Block) GSIS studies are presented (means Ϯ SE). Time relative to the start of the exogenous dextrose bolus, time 0 min, is presented on the x-axis. *In IUGR fetuses, basal mean glucose concentrations were significantly less than in controls for the respective GSIS study. #Adren-ergic blockade decreased (P Ͻ 0.05) basal glucose concentrations in IUGR fetuses. No differences in mean glucose concentrations were found during the hyperglycemic steady-state clamp. Fig. 2 . Fetal insulin concentrations during GSIS steady-state periods. Mean plasma insulin concentrations are presented for control (n ϭ 9) and IUGR (n ϭ 5) fetuses (treatment groups) during basal and hyperglycemic steady-state periods of the Saline or Block (adrenergic inhibited) GSIS study. Differences between means within the steady-state period were determined independently (statistical models 1 and 2). The first tier of P values indicates comparisons between GSIS studies (Saline vs. Block) within a treatment group. The second tier of P values indicates comparisons between treatment groups for differences between GSIS studies. Fig. 3 . GSIS responsiveness. Mean change in insulin is presented for control and IUGR treatments during the Saline or adrenergic inhibition (Block) GSIS study. Linear contrasts for Saline and Block GSIS studies within treatment groups were determined, and P values are presented in the 1st row above the bars being compared. The P value for the difference between treatments in response to adrenergic inhibition (Block Ϫ Saline-GSIS) is presented in the 2nd row.
GSIS studies with or without adrenergic receptor antagonists. In contrast, the GSIS responsiveness was significantly increased, 8.9-fold, in IUGR fetuses with the adrenergic inhibition compared with the saline study (P Ͻ 0.01). Moreover, this increase in GSIS responsiveness in IUGR fetuses due to adrenergic inhibition was greater (P Ͻ 0.05) than the 1.8-fold increase in controls, showing that insulin secretion was blunted by norepinephrine in the IUGR fetuses (Fig. 3) . Furthermore, GSIS responsiveness in IUGR fetuses with adrenergic inhibition was greater than in controls with saline (P Ͻ 0.01) and marginally higher than in controls with adrenergic inhibition (P Ͻ 0.1).
Pancreas endocrine area and ␤-cell mass. The mean pancreatic insulin ϩ area was not different between IUGR (1.9 Ϯ 0.2%) and control fetuses (2.3 Ϯ 0.5%). The estimated ␤-cell mass was 56% lower (P Ͻ 0.05) in IUGR pancreases (29.2 Ϯ 2.5 mg) compared with controls (65.9 Ϯ 18.9 mg), indicating that the reduction was primarily due to smaller pancreas mass. The combination of glucagon-, somatostatin-, and pancreatic polypeptidepositive area was not different between IUGR (2.0 Ϯ 0.3%) and controls (2.2 Ϯ 0.1%), but the mass was less (P Ͻ 0.05) in IUGR pancreases (25.2 Ϯ 4.6 mg) than in controls (62.8 Ϯ 20.1 mg).
Adrenergic receptor expression in fetal sheep islets. All nine adrenergic receptor subtypes were cloned for sheep, and each showed a high degree of identity with previously defined orthologs. In the pancreases collected from the fetuses used for the in vivo studies, mRNA concentrations for the predominant adrenergic receptors isoforms in the whole pancreas, ␣ 1 (A,B, and D), ␣ 2 (A,B, and C), and ␤ 2 were not different between twins and a previously collected group of control singleton fetuses (24) . We also found no significant difference in adrenergic receptor expression levels between control and IUGR pancreas tissue, which indicates that changes in adrenergic receptor expression may be limited to the islets of Langerhans.
All of the adrenergic receptor isoforms were identified in isolated fetal sheep islets (Fig. 4) . To avoid residual effects, adrenergic receptor concentrations were determined in fetal sheep islets collected from a second cohort of IUGR (n ϭ 7) and control (n ϭ 6) singleton fetuses that had not previously been exposed to the adrenergic receptor antagonists. Fetal tissues were collected at a similar age (132 Ϯ 2 dGA controls and 134 Ϯ 2 dGA IUGRs). IUGR fetuses were hypoxic (1.4 Ϯ 0.3 vs. 3.4 Ϯ 0.1 mmol/l), hypoglycemic (0.64 Ϯ 0.05 vs. 1.13 Ϯ 0.07 mmol/l plasma glucose concentrations), and growth restricted (1.7 Ϯ 0.3 vs. 3.2 Ϯ 0.3 kg), similar to the IUGR twin cohort. The sex ratios for the singleton control and IUGR groups were 50 and 29% males, respectively. The relative expression of adrenergic receptors ␣ 1D , ␣ 2A , and ␣ 2B were higher (P Ͻ 0.05) in the IUGR islets than in controls. No differences were found for the other six subtypes (Fig. 4) .
DISCUSSION
We have previously shown (23, 27 ) that insulin secretion was blunted in IUGR fetuses and that the insulin secretion deficiency was greater for fetuses with placental insufficiency than for those with chronic hypoglycemia alone, indicating that additional factors contribute to the defect in placental insufficiency-induced IUGR fetuses. In the current study, we confirm that plasma norepinephrine concentrations are elevated and act to suppress insulin secretion in IUGR fetuses because adrenergic inhibition reestablishes GSIS responsiveness. These findings, combined with the reduction in ␤-cell mass, indicate that insulin secretion is enhanced in ␤-cells of the IUGR fetus with acute adrenergic inhibition. Previous reports have shown that prolonged administration of catecholamines to fetal sheep result in diminished adrenergic responsiveness, where several metabolites and hormones returned to normal values, except insulin which remained lower (2, 4) . Although adrenergic desensitization is a known phenomenon that has been shown to result from reductions in receptor expression (10) , previous studies indicate that the islets of Langerhans respond differently (2, 30, 35, 53) . Our present study supports this assertion. We show that transcripts for all adrenergic receptors are present in fetal sheep islet preparations; however, those primarily responsible for suppressing insulin secretion, ␣ 2 -adrenergic receptors (21, 35) , are expressed more robustly in IUGR fetuses, suggesting that receptor levels are maintained or even increased in IUGR islets. These data indicate that ␤-cells are chronically suppressed by elevated norepinephrine concentrations in the IUGR fetus. However, these islets appear to compensate for this chronic suppression by augmenting their insulin secretion-coupling pathway rather than by decreasing adrenergic receptor expression, thus explaining the predicted enhancement in GSIS responsiveness. Fig. 4 . Adrenergic receptor expression in fetal sheep islets. Adrenergic receptors (ADR) were cloned from sheep tissues, and their expression was determined for fetal sheep islets isolated from control or IUGR islets at 135 dGA. PCR products were separated by agarose gel electrophoresis and stained with ethidium bromide. Lanes for each gel include a negative control (no cDNA; Ϫ) and positive control (adipose; ϩ) alongside 2 representative samples from islet mRNA extracted from control or IUGR islets. Quantitative PCR was performed (n ϭ 6 controls and n ϭ 7 IUGRs). ⌬CT Ϯ SE are presented for control and IUGR islets. Fold change (fold ⌬) in IUGR islets from control islets was calculated by the 2 Ϫ⌬⌬C T method for all adrenergic receptor isoforms, and results are presented. Statistical analysis was performed on ⌬CT values with ribosomal protein S15 as the reference gene (*P Ͻ 0.05 between treatment groups).
Most experimental conditions that were previously used to examine catecholamine suppression of insulin secretion were induced by acute fetal hypoxia or exogenous epinephrine administration (16, 20, 50) . By contrast, placental insufficiency-induced IUGR fetuses are chronically hypoxic, and the severity worsens as gestation progresses. At 103 dGA, we have observed mild hypoxia in IUGR fetuses (28% less than control, P Յ 0.05, n ϭ 6/treatment; SW Limesand and WW Hay Jr, unpublished data), which by 133 dGA increased to 48% (Table 1) . In control fetuses, blood O 2 content was constant during this period. In addition, plasma norepinephrine concentrations were elevated in IUGR fetuses at 103 dGA (635 Ϯ 104, n ϭ 5 IUGR vs. 191 Ϯ 91 pg/ml, n ϭ 3 controls, P Ͻ 0.05; SW Limesand and WW Hay Jr, unpublished data) and at 133 dGA (this study and Ref. 27). At both gestational ages, the plasma norepinephrine concentrations were tightly associated with blood O 2 content, which indicates that the adrenal medulla maintains its capacity to respond to low oxygen (42) . Thus, our placental insufficiency-induced IUGR sheep model creates both chronic hypoxia and chronic exposure to elevated norepinephrine during the final trimester.
In the IUGR fetus at 103 dGA, the plasma norepinephrine concentrations, although higher than in age-matched controls, were within the normal range for control fetuses at later stages of gestation (8) . A positive correlation was reported for norepinephrine and fetal age, showing that norepinephrine concentrations increase over the last third of gestation in sheep (8) . To date, fetal norepinephrine action has not been fully evaluated to know whether these concentrations at 103 dGA are above threshold or, for that matter, whether ␤-cells are responsive to catecholamines, but these experiments are ongoing. In addition to developmental increases in norepinephrine secretion, as fetal outcomes to placental insufficiency progressively worsen (i.e., fetus becomes more hypoxic), norepinephrine concentrations will continue to rise, revealing that both developmental maturation and hypoxia will continued to increase plasma norepinephrine concentrations to suppress insulin secretion in IUGR fetuses, even if ␤-cell compensation is occurring.
Investigations in fetal sheep have shown that catecholamines inhibit insulin secretion by interacting with the ␣ 2 -adrenergic receptors, because an ␣ 2 -adrenergic receptor-specific antagonist, idazoxan, eliminates the ␤-cell response to epinephrine (21) . An earlier study using a nonselective ␣-adrenergic receptor blocker, phentolamine, to block adrenergic receptors showed a sixfold increase in plasma insulin concentrations, which was not found when both ␣-and ␤-adrenergic receptors were blocked (Fig. 2) , indicating direct and indirect actions for catecholamines on ␤-cells (20, 21, 49) . Similarly, our findings show that the combination of pharmacological inhibitors does not substantially augment insulin secretion, as no difference was found in GSIS responsiveness in control fetuses (Fig. 3) .
We also show that catecholamines suppress insulin secretion (ϳ40%) in the control fetuses at basal steady-state periods (Fig. 2) . These findings differ from earlier reports, where adrenergic inhibitors had little effect in normal uncompromised pregnancies under basal conditions (21) . One potential factor that might contribute to our observed difference includes the experimental design. In our study, all measurements were taken on each animal, and data were analyzed using repeated measures to reduce intra-animal variation as a confounding variable, at least within treatments, and this design might have increased our power to detect a difference.
Our studies show that a complete adrenergic blockade significantly increases GSIS responsiveness in IUGR fetuses compared with controls (Fig. 3) . Moreover, the changes in insulin concentrations in IUGR fetuses almost exceed those of the controls with adrenergic inhibition and did exceed the normal responsiveness (saline-GSIS controls; Fig. 3 ). These findings, in combination with 56% less ␤-cell mass in IUGR fetuses, indicate that ␤-cells have compensated for the persistent norepinephrine suppression and are capable of secreting insulin more efficiently. Evidence supporting improvements in insulin release were also observed in static islet incubation experiments, where under stimulatory conditions the fraction of insulin released relative to the total insulin content was greater in IUGR islets than in controls (27) . Therefore, insulin stimulus-secretion coupling is enhanced in the IUGR fetuses, but this overcompensation in GSIS responsiveness appears to be independent of norepinephrine responsiveness. In rat islets, compensatory actions to norepinephrine have been suggested to occur at the ATP-sensitive K ϩ channel, L-type voltagegated Ca 2ϩ channel, adenylate cyclase, and ␤-granule exocytosis processes of the stimulus-secretion coupling pathway (22, 46, 53) .
Previously in IUGR singleton fetuses, insulin secretion responsiveness was found to be 82% lower than in controls (27) , whereas in the current study using twin fetuses GSIS responsiveness was only 54% lower than in the controls. Two factors that could potentially contribute to this difference include fetal number and the uneven sex ratio. Differences have been found in pancreatic insulin secretion between twins and singletons (41) . In twins, plasma glucose and insulin concentrations were lower, but the insulin profile and maximum concentration to an acute glucose bolus were similar, which resulted in greater area under the insulin curve (41) . In contrast, insulin secretion in response to an arginine bolus was lower, which indicated that ␤-cell mass or insulin content is reduced in twins (38, 41) . Comparisons between that study (41) and our current study, where insulin responsiveness in twins tended to be lower, are difficult to compare directly because they measure different phases of insulin secretion, which can differ (23) . Our previous findings (24) showed that ␤-cell mass was less because both insulin ϩ area (insulin-positive area) and pancreas mass were decreased (24) . In contrast, control twin fetuses have less (P Ͻ 0.01) pancreatic insulin ϩ area and ␤-cell mass compared with singleton control fetuses, which had an insulin ϩ area of 4.1 Ϯ 0.3% and a ␤-cell mass of 160.8 Ϯ 16.4 mg/g (24) . The uneven sex ratio does not appear to have any impact on insulin secretion because when we examined control fetuses from the current and previous studies (23, 27) no difference was found for GSIS responsiveness between males (n ϭ 16) and females (n ϭ 18): 0.44 Ϯ 0.7 and 0.41 Ϯ 0.06 ng, respectively. Although, we show that pancreatic adrenergic receptor expression is not different between twins and singletons, we cannot rule out the possibility that there are changes in twin islets. Norepinephrine concentrations, however, are similar between control twins and singletons; therefore, we do not anticipate an upregulation in islet adrenergic receptor expression if it is a result of chronic exposure to elevated norepinephrine.
Studies with pharmacological agents and genetically engineered mice have shown that ␣ 2 -adrenergic receptors are the predominant subtypes involved in inhibiting insulin secretion (14, 32, 35, 44) . It is not surprising that all adrenergic receptor subtypes are present in our isolated fetal sheep islets (Fig. 4) , because isolated islets are not devoid of acinar, endothelial, or other nonendocrine cells, which also express a variety of adrenergic receptor subtypes (45) . However, it is surprising that adrenergic receptor expression of those receptors responsible for suppressing insulin secretion is greater in IUGR islets than in controls (Fig. 4) . These findings support previous work showing that fetal sheep islets remain responsive to norepinephrine (2) (3) (4) and indicate that the ␤-cells themselves can contribute to this maintenance.
In addition to suppressing insulin secretion, norepinephrine might also serve a critical role in regulating fetal glucose metabolism and homeostasis via other physiological processes. IUGR fetuses with lower insulin concentrations appeared to have improved insulin sensitivity, because rates of glucose utilization were equivalent to those in uncompromised control fetuses (26) . However, maintenance of glucose utilization in IUGR fetus appeared to rely on hepatic glucose production, as umbilical glucose uptake was ϳ40% less than their glucose utilization rate (26) . Therefore, we postulated that norepinephrine was at least partly responsible for increased hepatic glucose production in sheep fetuses with placental insufficiency (26, 27, 51) . In the present study, adrenergic inhibition lowered glucose concentrations in IUGR fetuses (Fig. 1) . This reduction might be the result of adrenergic actions on the liver via norepinephrine or glucagon, which were suggested to augment hepatic glucose production (26) . It is difficult to discriminate between greater insulin sensitivity and catecholamine-stimulated hepatic glucose production, or both with the current study design.
In summary, we have shown that chronically elevated norepinephrine during the final trimester continually suppresses insulin secretion in placental insufficiency and IUGR sheep fetuses. This suppression of insulin would benefit the IUGR fetus by increasing glucose availability to tissues that are not insulin sensitive. Acute adrenergic inhibition results in a full recovery of GSIS responsiveness, suggesting that fetal ␤-cells have in some way compensated for the chronic suppression by increasing their ability to release insulin once the inhibition is removed. These data may begin to explain why IUGR or small-for-gestational-age infants have a propensity toward increased glucose requirements. Chronically elevated norepinephrine can increase glucose and insulin sensitivity, which would be further compounded by higher GSIS responsiveness if norepinephrine were suddenly decreased.
